Within neurons, mitochondria are nonuniformly distributed and are retained at sites of high activity and metabolic demand. Glutamate transport and the concomitant activation of the Na ϩ /K ϩ -ATPase represent a substantial energetic demand on astrocytes. We hypothesized that mitochondrial mobility within astrocytic processes might be regulated by neuronal activity and glutamate transport. We imaged organotypic hippocampal slice cultures of rat, in which astrocytes maintain their highly branched morphologies and express glutamate transporters. Using time-lapse confocal microscopy, the mobility of mitochondria within individual astrocytic processes and neuronal dendrites was tracked. Within neurons, a greater percentage of mitochondria were mobile than in astrocytes. Furthermore, they moved faster and farther than in astrocytes. Inhibiting neuronal activity with tetrodotoxin (TTX) increased the percentage of mobile mitochondria in astrocytes. Mitochondrial movement in astrocytes was inhibited by vinblastine and cytochalasin D, demonstrating that this mobility depends on both the microtubule and actin cytoskeletons. Inhibition of glutamate transport tripled the percentage of mobile mitochondria in astrocytes. Conversely, application of the transporter substrate D-aspartate reversed the TTX-induced increase in the percentage of mobile mitochondria. Inhibition of reversed Na ϩ /Ca 2ϩ exchange also increased the percentage of mitochondria that were mobile. Last, we demonstrated that neuronal activity increases the probability that mitochondria appose GLT-1 particles within astrocyte processes, without changing the proximity of GLT-1 particles to VGLUT1. These results imply that neuronal activity and the resulting clearance of glutamate by astrocytes regulate the movement of astrocytic mitochondria and suggest a mechanism by which glutamate transporters might retain mitochondria at sites of glutamate uptake.
Introduction
Astrocytes express a large cohort of neurotransmitter receptors and transporters that allow them to sense and respond to neuronal stimuli. They possess enormously elaborate processes that contact synapses and the vasculature. A single astrocyte domain can contact tens of thousands of synapses (Halassa et al., 2007b) , thus allowing astrocytes to monitor the activity of a large number of synapses (Newman, 2003) .
Glutamate is the principle excitatory neurotransmitter in the CNS. Synaptic levels of glutamate are kept low (ϳ25 nM), against brain levels that approach 10 mmol/kg (Herman and Jahr, 2007) , to ensure appropriate excitatory signaling and to limit excessive activation of glutamate receptors that can cause excitotoxicity (for review, see Choi, 1992; Conti and Weinberg, 1999) . Extracellular glutamate is cleared via a family of Na ϩ -dependent glutamate transporters (for review, see Danbolt, 2001; Sheldon and Robinson, 2007) .
These transporters couple the inward movement of glutamate to the inward movement of three Na ϩ ions and 1 H ϩ ion, and the outward movement of one K ϩ ion, providing the energy to maintain up to a millionfold concentration gradient of glutamate (Zerangue and Kavanaugh, 1996) . Because of this coupling, glutamate uptake results in a significant increase in the Na ϩ concentration within the fine astrocytic processes (Rose and Ransom, 1996; Bergles and Jahr, 1997) . Glutamate uptake also activates the Na ϩ /K ϩ -ATPase in astrocytes, an effect attributed to increased Na ϩ concentration (Magistretti and Pellerin, 1999) . Not surprisingly, the glial glutamate transporters colocalize and physically interact with Na ϩ /K ϩ -ATPase isoforms, glycolytic enzymes, and mitochondria (Rose et al., 2009; Bauer et al., 2012 ) and glutamate uptake is functionally coupled to increases in glucose uptake, glycolysis, and oxidative phosphorylation (Pellerin and Magistretti, 1994; Loaiza et al., 2003; Magistretti, 2006) .
While much research has examined the link between glutamate uptake and glycolysis, the role of mitochondria in astrocytes is often overlooked. Astrocytes have a high oxidative metabolism (Hertz et al., 2007) and possess a large number of mitochondria, even in the very fine processes (Lovatt et al., 2007; Ito et al., 2009; Lavialle et al., 2011 ; for review, see Parpura and Verkhratsky, 2012) . In neurons, mitochondria are not uniformly distributed; instead mitochondria are concentrated at sites with heightened demand for ATP or Ca 2ϩ buffering, including at axon branches, synapses, nodes of Ranvier, and growth cones. This distribution is established by movement of mitochondria along the microtubule and actin cytoskeleton (Morris and Hollenbeck, 1995; Ligon and Steward, 2000; Hollenbeck, 2005; . Little is known about the mechanisms regulating transport of mitochondria in astrocytes.
Here, we present the first description of mobile mitochondria within the processes of astrocytes. We provide evidence that the movement of mitochondria in astrocytic processes is regulated by neuronal activity, astrocytic glutamate uptake, and reversed Na ϩ /Ca 2ϩ exchange. Furthermore, we demonstrate that neuronal activity increases the probability that mitochondria appose GLT-1 protein in astrocyte processes. We suggest that regulation of mitochondrial mobility may represent a mechanism to retain mitochondria near sites of glutamate uptake in astrocytes.
Materials and Methods
cDNA constructs. pBluescript-Gfa ABC1D was a gift from Dr. Michael Brenner (University of Alabama-Birmingham) . This construct encodes a 681 bp fragment of the glial fibrillary acidic protein (GFAP) promoter that is sufficient to result in selective expression in astrocytes throughout the CNS (Lee et al., 2008) . This 681 bp GFAP promoter fragment was inserted into pTY-CMV-mCherry between Nhe1 and Age1 restriction sites to form pTY-Gfa ABC1D -mCherry and was a gift from Dr. John Wolf (University of Pennsylvania). pTY-Gfa ABC1D -gp43mCherry (referred to as Gfa ABC1D -mCherry) was generated by PCR amplification of the membrane-targeting myristoylation sequence of gap43 into pTYGfa ABC1D -mCherry immediately after the initiating methionine of mCherry. pEGFP-mito (a gift from Dr. Stanley Thayer, University of Minnesota, Minneapolis) is a fusion of EGFP with the mitochondrial matrix targeting sequence from CoxVIII and has been shown to result in specific targeting of EGFP into mitochondria (Rizzuto et al., 1993; Wang et al., 2003) .
Reagents. Rabbit anti-GLT-1 was a gift from Dr. Jeffrey Rothstein (Johns Hopkins University). Rabbit anti-GFAP polyclonal antibody and D-aspartate were purchased from Sigma-Aldrich. Rabbit anti-MAP2 and guinea pig anti-VGLUT1 were purchased from Millipore. Highly cross-adsorbed secondary antibodies conjugated to Alexa Fluor dyes were purchased from Invitrogen. Goat anti-rabbit antibody conjugated to Dylight 405 was purchased from ThermoFisher Scientific. Tetrodotoxin (TTX) was purchased from Alomone Labs. Vinblastine, cytochalasin D, 6,7-dinitroquinoxaline-2,3-dione (DNQX), D-(-)-2-amino-5-phosphonopentanoic acid (D-APV), bicuculline, (3S)-3- [[3-[[4-(trifluoromethyl) Six-to-12-d-old rat pups of either sex were decapitated and their brains removed into sucrose artificial CSF (aCSF) composed of the following (in mM): 280 sucrose, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , 20 glucose, and 10 HEPES. Hippocampal slices (300 m) were prepared using a McIlwain tissue chopper (Brinkman Instruments) and placed on 0.4 m Millicell culture inserts (Millipore) in six-well plates. Slices were maintained in a humidified incubator with 5% CO 2 at 37°C with 1 ml of medium containing the following: 50% Neurobasal medium, 25% horse serum, 25% HBSS, supplemented with 10 mM HEPES, 36 mM glucose, 2 mM glutamine, 10 U/ml penicillin, and 100 g/ml streptomycin, pH 7.2-7.3. Slices were allowed to recover for 2 d before transfection with plasmids encoding a mitochondrial-targeted EGFP (EGFP-mito) and Gfa ABC1D -mCherry fluorescent protein using a Helios Gene-Gun (Bio-Rad; McAllister, 2004; Benediktsson et al., 2005) . Gene gun bullets were generated as follows: cDNAs (10 g of total) were combined with 8 -10 g of 1.0 or 1.6 m gold particles (Bio-Rad) in a solution of 0.02 mg/ml polyvinylpyrrolidone 20, 0.05 M spermidine, and 1 M CaCl 2 . This suspension was used to coat Teflon tubing that was subsequently cut and loaded into the gene gun. The cDNA-coated gold particles were shot using highpressure helium (100 -120 psi) into cultured slices in inserts sitting on warmed agarose slabs. We used 1.0 m gold particles for transfection of astrocytes and 1.6 m particles for the nonselective transfection of astrocytes and neurons (Benediktsson et al., 2005) .
Live slice imaging. Two days after transfection, slices were excised from their membrane supports and placed in a closed, flow-through chamber for imaging. Slices were continuously superfused with heated (34°C) aCSF composed of the following (in mM): 130 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 1 MgCl 2 , 2 CaCl 2 . This solution was continuously bubbled with 95% O 2 /5% CO 2 . Slices were imaged on an Olympus Fluoview 1000 laser scanning confocal microscope equipped with a 40ϫ UPlanApo objective (numerical aperture, 1.4). Slices were allowed to equilibrate in the imaging chamber for 10 min before imaging. Cells expressing EGFP-mito and/or membrane-targeted mCherry were identified using epifluorescence and were imaged using the 488 and 546 nm laser lines, respectively (Fig. 1B-G) . To control for possible cultureto-culture variability in the percentage of mobile mitochondria, all experiments included control and experimental slices from the same cultures and were imaged on the same day. Cells were visually selected based on their complex morphology and lack of reactive phenotype. Cells at the surface of the slice or at the slice margins were not imaged. Image stacks (15-25 optical sections, 1 m z-spacing) were collected from the identified cell to aid in retrospective identification. A subfield of processes was identified and was imaged at 512 ϫ 512 pixels with an additional 4 -5ϫ digital zoom. Image stacks (3-8 optical sections, 1 m z-spacing) were collected every 6 -10 s for 15 min from a field containing 3-8 astrocyte processes and Ն10 mitochondria. Under these conditions, we did not observe significant decreases in fluorescence intensity with time (Fig. 1A) . We also did not observe evidence of cell swelling during the imaging epochs as examined with the membrane-targeted mCherry.
Immediately following the imaging epoch, slices were removed from the chamber and immersed in 4% paraformaldehyde in PBS (0.1 M PBS). Tissues were processed as free-floating sections for subsequent immunostaining. These sections were extracted for 1 h in a solution of PBS and 1% Triton X-100 at room temperature. Sections were blocked in 5% goat serum for 1 h at room temperature and incubated with primary antibodies against GFAP (1:100; Sigma-Aldrich) or MAP2 (1:100; Millipore) for 2 d at 4°C in a solution containing 1% Triton X-100 and 5% goat serum. Sections were rinsed three times for 15 min each in PBS and incubated overnight with secondary antibody (goat anti-rabbit or mouse Alexa Fluor 633; Invitrogen). Slices were rinsed three times for 15 min each in PBS before mounting on precoated slides (Superfrost Plus, Fisher Scientific). Sections were imaged on a laser confocal microscope as described above (Fig. 1A) .
Although there is evidence that the smaller gold particles (1 m) selectively transduce astrocytes (Benediktsson et al., 2005) , a GFAP promoter-driven mCherry was used to ensure selectivity (Lee et al., 2008) . To confirm that the combination of 1.0 m gold particles with this promoter fragment results in selective expression in astrocytes in this system, cells expressing the Gfa ABC1D -driven mCherry fluorescent pro-tein were tested for colocalization with the astrocytic marker GFAP. In four randomly chosen experiments, all cells expressing Gfa ABC1D -driven mCherry fluorescent protein also expressed GFAP immunoreactivity (data not shown). To confirm neuronal identity, we immunostained every slice previously used to examine mitochondrial mobility in neurons with antibodies against the dendritic marker MAP2. The process used for dynamic imaging was reidentified in the fixed and immunostained slices. Every process was confirmed to come from a neuronal dendrite (data not shown).
Image analysis. All data analyses were performed by individuals who were blinded to condition for the particular day. All images were processed using National Institutes of Health ImageJ software (http://rsb. info.nih.gov/ij/; Schneider et al., 2012) . Images were backgroundcorrected and filtered using a Gaussian filter ( ϭ 1). Maximal projections of image stacks were generated. Motion artifacts due to slice drift were corrected using the TurboReg plugin of ImageJ to implement rigid registration. This aligned all images in a time-lapse series to the original image. The resulting movies were used to examine the mobility of individual mitochondria within the processes of neurons or astrocytes. Individual mitochondria were tracked using the MTrackJ plugin to ImageJ (Meijering et al., 2012) . A mitochondrion was considered mobile if the displacement exceeded 2 m within the 15 min imaging window. Anterograde and retrograde motions were defined relative to the cell body. Kymographs (displacement vs time) were constructed for individual astrocytic processes for display purposes. Kymographs are displayed such that time is on the y-axis (time passes from top to bottom of image). Mitochondria that are stationary appear as vertical lines, while mitochondria that moved over the imaging period will appear as diagonal lines.
Puncta analysis. The distribution of GLT-1 particles relative to mitochondria and synapses was analyzed in the manner of MacAskill et al.
(2010) as detailed below. Hippocampal slice cultures were transfected with EGFP-mito and Gfa ABC1D -mCherry as described above. Slices were immersed in prewarmed (34°C), oxygenated aCSF in the absence or presence of TTX (1 M) for 30 min. Slices were immediately immersed in 4% paraformaldehyde (0.1 M PBS) and processed as described earlier in the Materials and Methods section. These sections were incubated with primary antibodies against GLT-1 (1:100) or VGLUT1 (1:200; Millipore) and visualized with fluorescent moleculeconjugated secondary antibodies [goat antirabbit Dylight 405 (1:400) or goat anti-guinea pig AlexaFluor 633 (1:400)].
Slices were visualized on an Olympus laser scanning confocal microscope equipped with a 40ϫ (numerical aperture 1.4) objective at an additional 5ϫ optical zoom, using the 405, 488, 546, and 633 nm laser lines. All images were collected sequentially to avoid contamination of signals from other fluorophores. Sections from each experiment were singly labeled or transfected to verify that the signal measured was specific.
Single optical sections were background corrected and filtered using a Gaussian filter ( ϭ 1). mCherry fluorescent images were used to create binary masks that were applied to GLT-1 immunofluorescent images, thus defining GLT-1 immunoreactivity within single astrocyte processes. Mitochondria and GLT-1 puncta were identified by thresholding at 3.5 times the SD of the mean image and converted to binary . VGLUT1 particles were thresholded using an autolocal thresholding plugin to the FIJI implementation of ImageJ (Gabriel Landini) and converted to binary. The coordinates (centroid) of all particles were recorded and used to calculate the minimum distance between mitochondria-GLT-1 and GLT-1-VGLUT1 ϩ pairs. Using this same dataset, we used Matlab to also determine the distance between the edge of each mitochondrion and the edge of the nearest GLT-1 particle. These results are displayed as cumulative probabilities.
Statistics. All data are presented as mean Ϯ SEM of separate cells that were acquired from at least three independent sets of experiments (separate sets of slices prepared on separate days). Statistical significance was assessed by unpaired Student's t test or ANOVA with Bonferroni's multiple-comparisons test. Statistical significance between cumulative probability distributions was determined using the Kolmogorov-Smirnov test. Statistical analysis was conducted using Graphpad Prism software
Results

Mitochondrial mobility in astrocyte processes
While numerous groups (for review, see Cai and Sheng, 2009; MacAskill and Kittler, 2010; Schwarz, 2013) have examined mitochondrial movement in dissociated cultures of neurons, few have looked at mitochondrial movement in neurons in more complex systems (Ohno et al., 2011) and none have examined mitochondrial movement within the processes of astrocytes. Here, we used organotypic cultures of rat hippocampus to examine the mobility of mitochondria in the processes of astrocytes and neuronal dendrites. Transverse sections of rat hippocampus were cultured on membrane inserts for 2 d. Cultures were transfected via a gene gun with plasmids encoding EGFP-mito and a membrane-targeted mCherry fluorescent protein and visualized Hippocampi from early postnatal rat pups were isolated and plated onto membranes. Two days later, slices were transfected via particle-based biolistics. Slices were imaged at 4 DIV via confocal microscope. Slices were subsequently fixed for immnofluorescent analysis. B-G, Representative images of an astrocyte in hippocampal slice culture transfected with a membrane-targeted mCherry fluorescent protein driven by a minimal GFAP promoter (GFA ABC1D -mCherry; B, E, GFA ABC1D -mCherry) and a mitochondrial matrix-targeted enhanced green fluorescent protein (C, F, EGFP-mito) and overlay (D, G). EGFP fluorescence is shown as green and GFA ABC1D -mCherry as red. Scale bar, 25 m. E-G, Magnified views of the astrocyte processes depicted in D (white box). Mitochondria are present in some (G, arrowhead), but not all (chevron) of the small astrocyte processes. Scale bar, 10 m.
2 d later (Fig. 1A) . Astrocytes in organotypic cultures maintain much of their characteristic three-dimensional morphology , with many fine processes radiating from the cell body and the presence of numerous fine branchlets (Benediktsson et al., 2005) . EGFP-expressing mitochondria were readily identifiable within the astrocyte processes (Fig. 1C,F ) . Mitochondria are capable of investing into very small (Ͻ0.6 m diameter) processes, where they occupy a substantial portion of the width of some (Fig. 1G , white arrowheads) but not all (white chevron) of these processes. Mitochondria within the processes of astrocytes and neurons exist as discrete organelles, whereas those localized to the cell body appear to form a reticular structure, making individual mitochondria more difficult to identify. For our studies of mitochondrial mobility, we confined our analysis to the smaller processes of the astrocyte, where single mitochondria are readily identifiable.
We compared the mobility of mitochondria within individual astrocytes and neuronal dendrites using time-lapse confocal microscopy ( Fig. 2 A, B) . The majority of mitochondria were stationary for the duration of the 15 min imaging window within both the neurons and astrocytes. However, significantly more mitochondria were mobile within the dendrites of the neurons than in astrocytic processes (Fig. 2C) . The movement of mitochondria within astrocytes and neurons was bidirectional. In as- trocytes, 44% of the mitochondria that were mobile moved in the retrograde direction (toward the cell body), while 56% moved in the anterograde direction. In neurons, 61% moved in the retrograde direction, while 39% moved in the anterograde direction.
Since the movement was characterized by brief pauses accompanied by changes in speed and direction, we quantified the maximal instantaneous velocity of each mitochondrion. Neuronal mitochondria moved significantly farther (Fig. 2D) and faster ( (Morris and Hollenbeck, 1995) . The lengths of individual mitochondria in astrocytes and neuronal dendrites, however, were similar (Fig. 2F ).
Neuronal activity regulates the percentage of mobile mitochondria in astrocytes
In neurons, mitochondria are retained at sites of high activity and metabolic demand (Li et al., 2004; MacAskill et al., 2010; Ohno et al., 2011) . Astrocytic activity and metabolism are highly integrated with neuronal activity. Therefore, we tested whether mitochondrial mobility in astrocytic processes was regulated by neuronal activity within the slice. Slices were pretreated for 15 min before imaging with TTX (1 M), a Na ϩ channel antagonist commonly used to decrease neuronal activity (Fig. 3) . The percentage of mobile mitochondria in astrocytes increased Ͼ3-fold in TTX-treated slices compared with untreated controls (Fig.  3C) . The relative ratio of astrocytic mitochondria moving in the anterograde versus retrograde directions changed from 2.6 in controls to 0.9 in TTX-treated slices. Inhibition of neuronal activity did not alter the velocity of mitochondrial movement or mitochondrial length (data not shown). Astrocytes in vivo and in situ express TTX-sensitive Na ϩ channels (Sontheimer et al., 1994) . Therefore, as an alternative approach to inhibit neuronal activity, we treated slices with inhibitors of NMDA (D-APV; 50 M), AMPA (DNQX; 10 M), and GABA (bicuculline; 30 M) receptors. Bicuculline was included, as GABA can be excitatory during the early postnatal period (Taketo and Yoshioka, 2000) , before the developmental induction of the chloride pump KCC2 (Rivera, 1999) . With this alternative method of blocking neuronal activity, the percentage of mobile mitochondria was again significantly higher in treated slices than in untreated controls (Fig. 3D) . These results suggest that the mobility of mitochondria in astrocytes is influenced by neuronal activity.
Mitochondrial movement depends on both microtubule and actin cytoskeleton
Mitochondrial mobility in neurons depends on both the actin and microtubule cytoskeletons (Morris and Hollenbeck, 1995; Quintero et al., 2009) . We examined the dependence of mitochondrial movement in TTX-treated slices in the presence and absence of inhibitors of microtubule (vinblastine) and actin (cytochalasin D) assembly (Fig. 4) . All slices were pretreated with either TTX or aCSF for 15 min. Slices were then treated with aCSF or TTX (1 M) in the presence or absence of vinblastine (1 g/ml) or cytochalasin D (20 M) for an additional 15 min before imaging. No changes in cell viability or mitochondrial shape were observed following these treatments (data not shown). A greater percentage of mitochondria were mobile in slices treated with TTX than in untreated (aCSF) controls. Application of vinblastine or cytochalasin D decreased the percentage of mobile mitochondria relative to the TTX-treated slices. These results suggest that both the actin and microtubule cytoskeletons contribute to the movement of mitochondria in astrocytic processes.
Mitochondrial mobility in astrocytes is not controlled by mGluR5 activation
Astrocytes express a large complement of neurotransmitter receptors, including metabotropic glutamate receptors and purinergic receptors that allow them to sense and respond to neuronal activity (Newman, 2003) . mGluR5 receptors in particular have been linked to increases in astrocytic Ca 2ϩ concentration in response to neuronal activity (D'Ascenzo et al., 2007). We hypothesized that the activity-dependent decrease in mitochon- drial mobility in astrocytes might be secondary to activation of mGluR5 receptors. Slices were treated with the mGluR5 antagonist MPEP (5 M) for 15 min before imaging. Inhibition of mGluR5 did not change the percentage of mitochondria that were mobile relative to untreated controls (13 Ϯ 3%, n ϭ 12, vs 13 Ϯ 2%, n ϭ 9). In another set of experiments, we asked whether activation of mGluR5 receptors is sufficient to decrease mitochondrial mobility. Slices were pretreated with TTX (1 M) before the addition of DHPG (50 M). Addition of the mGluR5 agonist did not significantly decrease the TTXinduced increase in mitochondrial mobility (45 Ϯ 7%, n ϭ 4, vs 36 Ϯ 8%, n ϭ 6). Together, these results suggest that mitochondrial mobility in astrocytes is not controlled by mGluR5 activation.
Glutamate transport regulates the percentage of mobile mitochondria in astrocytes
Synaptic glutamate concentrations are kept low (ϳ25 nM) via the actions of the Na ϩ -dependent glutamate transporters in astrocytes, particularly GLT-1 and glutamate-aspartate transporter (GLAST; Herman and Jahr, 2007). Glutamate transporter activity results in the activation of the Na ϩ /K ϩ -ATPase, glycolysis (Pellerin and Magistretti, 1994), and oxidative phosphorylation (Loaiza et al., 2003) . We tested whether glutamate uptake influenced mitochondrial mobility in astrocytes by inhibiting glutamate uptake with TFB-TBOA (3 M; Shimamoto et al., 2004) . Similar to the effects of TTX, inhibition of glutamate uptake resulted in a Ͼ3-fold increase in the percentage of mitochondria that were mobile relative to untreated controls (Fig. 5C ). Treatment with TFB-TBOA did not alter either the rate of mitochondrial movement (Fig.  5D ) or the proportion of mitochondria moving in the anterograde versus retrograde directions. We also asked whether activation of the transporters is sufficient to decrease mitochondrial mobility. We inhibited neuronal activity with TTX (1 M; 15 min) before addition of the transporter substrate D-aspartate (1 or 10 mM). Treatment with TTX (Fig. 5E ) increased the percentage of mitochondria that were mobile relative to untreated controls. Application of D-aspartate to TTX-treated slices decreased the percentage of mitochondria that were mobile in a concentration-dependent manner relative to TTX-treated controls (Fig. 5E) . Combined, these results demonstrate that glutamate (aspartate) uptake into astrocytes regulates the mobility of mitochondria in astrocytes.
Glutamate transport results in a significant increase in intracellular [Na ϩ ] (Rose and Ransom, 1996) and stimulates Na ϩ /K ϩ -ATPase activity (Pellerin and Magistretti, 1994) . It is unsurprising, therefore, that the Na ϩ /K ϩ -ATPase physically interacts with both GLT-1 and GLAST (Rose et al., 2009; . Activation of Na ϩ /K ϩ -ATPase decreases mitochondrial mobility at the nodes of Ranvier in sciatic nerves (Zhang et al., 2010) . Given this, we tested whether an inhibitor of Na ϩ /K ϩ -ATPase activity (ouabain) would influence mitochondrial mobility in astrocytes. Astrocytes possess two isoforms of the Na ϩ /K ϩ -ATPase ␣ subunits (␣1 and ␣2; Juhaszova and Blaustein, 1997). These subunits possess different sensitivities to ouabain: ␣2 is inhibited at nanomolar concentrations, while the ␣1 isoform is inhibited at concentrations Ͼ10 M (Juhaszova and Blaustein, 1997; Pellerin and Magistretti, 1997) . We treated slice cultures with either 100 nM or 100 M ouabain for 15 min before the start of imaging. Treatment with 100 M ouabain resulted in a significant increase in the percentage of mitochondria that were mobile in astrocytes (Fig. 5F ) . 
Reversed Na
؉ /Ca 2؉ exchange regulates mitochondrial mobility The bidirectional Na ϩ /Ca 2ϩ exchanger (NCX) normally couples the inward movement of three Na ϩ ions to the outward movement of one Ca 2ϩ ion (Blaustein and Lederer, 1999) . In astrocytes, activation of glutamate transport activates the reverse mode of the NCX subsequent to Na ϩ entry, resulting in an increase in intracellular [Ca 2ϩ ] (Magi et al., 2013; Rojas et al., 2013) . We tested the hypothesis that reversal of the NCX contributes to immobilization of mitochondria in astrocytes. We treated hippocampal slice cultures with two structurally dissimilar inhibitors of the reverse mode of the NCX (Na ϩ efflux/Ca 2ϩ influx) for 15 min before the start of imaging. At concentrations that selectively block the reversed mode operation of NCX, while minimally affecting normal inward flux of Na ϩ , KB-R7943 (15 M) or YM-244769 (1 M) increased the percentage of mitochondria that were mobile within the processes of astrocytes to a similar degree to TTX (1 M; positive control; Fig. 6 ). While KB-7943 also blocks NMDA receptors and inhibits complex 1 of the mitochondrial electron transport chain, no such off-target effects have been reported for YM-244769 (Brustovetsky et al., 2011; Clerc and Polster, 2012) . Thus, these results suggest that tonic activation of the reverse mode of the NCX is contributing to mitochondrial immobilization in astrocytes.
Association of mitochondria with glutamate transporters
In neurons, the positioning of mitochondria at sites of heightened energy use (presynaptic termini, postsynaptic spines, or nodes of Ranvier) or elevated [Ca 2ϩ ] is critical to maintain energy and Ca 2ϩ homeostasis. We tested whether the neuronal activity-induced decreases in mitochondrial mobility in astrocytes were correlated with the positioning/retention of mitochondria near glutamate transporters (GLT-1), where demand would be predicted to be elevated. Slices cotransfected with GFA ABC1D -mCherry (Fig. 7A ) and EGFP-mito (Fig. 7B) were treated with TTX (1 M) or vehicle for 30 min. Slices were subsequently immunostained for VGLUT1 (Fig. 7C ) and GLT-1 (Fig. 7D) . mCherry fluorescence was used to construct a digital mask allowing for the identification of GLT-1 puncta within individual astrocyte processes. In an earlier study, we examined the overlap between mitochondria and exogenously expressed GLT-1 tagged with a fluorescent epitope using the same system, except that slices were not incubated with aCSF for 30 min at 34°C (Genda et al., 2011). As this approach results in overexpression of transporter that could influence the extent of overlap between GLT-1 puncta and mitochondria, we first examined overlap of endogenous GLT-1 with mitochondria. We found that 38 Ϯ 6% of GLT-1 puncta were overlapped by a mitochondria and 64 Ϯ 7% of mitochondria were overlapped by GLT-1. These values are somewhat lower than those observed in the earlier study, but are indicative of substantial overlap between GLT-1 and mitochondria under these conditions. These images were also used to compare the anatomic relationship of GLT-1 puncta, mitochondria, and synapses (VGLUTϩ) in the presence and absence of TTX (Fig. 7E) . The minimum distance between the centers of GLT-1 puncta and VGLUT1 (Fig. 7F ) and between mitochondria and GLT-1 puncta (Fig. 7G ) was measured and expressed as a cumulative probability distribution. Interestingly, reducing neuronal activity (TTX) did not change the relationship between GLT-1ϩ and VGLUT1ϩ puncta, suggesting that GLT-1 remains near synapses in the presence of TTX. However, reducing neuronal activity decreased the probability (evident as a rightward shift in the cumulative distribution) that mitochondria approach a GLT-1 puncta (i.e., increased distance), suggesting that neuronal activity regulates the position of mitochondria relative to GLT-1 ( p Ͻ 0.0001). As mitochondria are quite long relative to the distances being measured, we also examined the relationship between the edges of mitochondria and GLT-1 puncta, as any overlap would presumably allow for functional coupling between transporters and mitochondria. As was observed using the centers of the particles, the cumulative probably plot revealed a significant difference in the presence and absence of TTX ( p ϭ 0.02). In the presence of TTX, there was greater likelihood that mitochondria were farther from GLT-1 puncta (data not shown).
Discussion
In neurons, mitochondria accumulate at sites of high activity and energetic demand, including presynaptic and postsynaptic termi- (Lovatt et al., 2007; Ito et al., 2009; Lavialle et al., 2011) in close proximity to glutamate transporters (Chaudhry et al., 1995; . Here we describe the mobility of mitochondria within the processes of astrocytes. In addition, we describe a potential mechanism by which glutamate release from neurons is converted to mitochondrial immobilization in astrocytes via glutamate uptake through the astrocytic glutamate transporters, and reversed Na ϩ /Ca 2ϩ exchange. Further, we show that neuronal activity is associated with an increased probability that mitochondria approach glutamate transporter clusters in the processes of astrocytes without changing the relationship of GLT-1 puncta to VGLUT1 (synapses). Together, this work suggests a mechanism by which mitochondria may be recruited to, or retained at, areas of high GLT-1 expression that surround synapses.
Mitochondria in astrocyte processes
We used time-lapse imaging of mitochondria to examine mitochondrial movement in neuronal and astrocytic processes. While mitochondria in neurons and astrocytes displayed similar lengths, there were significant differences with regard to rate of movement and the fraction mobile. Our findings in neurons are similar to that which has been observed (fraction mobile, velocity, and size; for review, see MacAskill et al., 2010) . The difference between astrocytic and neuronal mitochondrial movement suggests that mitochondrial mobility in astrocytes might be regulated by different motor proteins or move along different cytoskeletal elements. Indeed, the rates of movement observed in astrocytes match those observed for short-range mitochondrial transport along actin filaments (Morris and Hollenbeck, 1995) .
In neurons, mitochondrial mobility has been linked to both the actin and microtubule cytoskeleton. Long-range mitochondrial movement in neurons depends on transport by kinesins (anterograde) and dynein (retrograde) motors along the microtubule cytoskeleton (for review, see Schwarz, 2013). Short-range movement along actin fibers has been described (Morris and Hollenbeck, 1995; Ligon and Steward, 2000; Hollenbeck, 2005) . We examined the movement of mitochondria in response to treatment with inhibitors of actin and microtubule assembly. Our results suggest that, in astrocytes (as in neurons), mitochondrial movement depends on both the actin and microtubule cytoskeleton. It will be interesting to identify the motor proteins involved. Anterograde transport along microtubules in neurons is mediated primarily by the kinesin isoforms Kif5 and Kif1B (MacAskill and Kittler, 2010) . The major kinesin isoforms in astrocytes have yet to be determined. However, KIF5A and C are thought to be neuron-specific motor proteins (Kanai et al., 2000) . Neuronal activity increases the probability that mitochondria appose GLT-1 in astrocytic processes without affecting the relationship of GLT-1 to VGLUT1. Astrocytes were transfected with plasmids encoding EGFP-mito and a membrane-targeted mCherry fluorescent protein. Slices were treated in the absence or presence of TTX (1 M) for 30 min. Slices were fixed and subsequently immunostained with antibodies against VGLUT1 and GLT-1. A-D, Representative images of an astrocyte process expressing GFA ABC1D -mCherry (A), and EGFP-mito (B), and immunostained for VGLUT1 (C) and GLT-1 (D). E, Representative image depicting GLT-1 (red), mitochondria (green), and VGLUT1ϩ (blue) puncta from the process depicted in A-D. F, G, Cumulative probability distributions depicting the distance between each GLT-1 and the nearest VGLUT1ϩ (F ) puncta and between each mitochondrion and the nearest GLT-1 puncta (G) in the absence (black boxes) and presence (red circles) of TTX. ***p Ͻ 0.0001 by Kolmogorov-Smirnov test.
Retention of mitochondria by neuronal activity Why move mitochondria? The coordinated transport of mitochondria along cellular processes likely serves several functions. First, movement of mitochondria appears necessary for the distribution of mitochondria into cellular processes. Mitochondria are primarily generated in the cell body and are transported in an anterograde direction into the processes (for review, see Schwarz, 2013) . Conversely, the observation that depolarized mitochondria move primarily in the retrograde direction has been used to suggest that dysfunctional mitochondria move toward the cell body for repair/degradation (Frederick and Shaw, 2007) . Second, movement of mitochondria facilitates the processes of fusion and fission that allow the exchange of proteins and genetic material between discreet mitochondria (Misko et al., 2010) . Last, mitochondrial transport provides a mechanism for the redistribution of mitochondria to sites of high activity (for review, see MacAskill and Kittler, 2010; Schwarz, 2013) .
In neurons, mitochondria are retained at sites of high activity and metabolic demand (Li et al., 2004; Wang and Schwarz, 2009; Ohno et al., 2011) . Neuronal activity and glutamate receptor activation decrease mitochondrial mobility and cause mitochondria to pause at synapses and at nodes of Ranvier in neurons. Astrocytes sense neuronal activity (Halassa et al., 2007a) , and much of their activity is devoted to processes, such as glutamate uptake, that are integrated with neuronal activity (Parpura and Verkhratsky, 2012) . We hypothesized that neuronal activity might influence mitochondrial movement within astrocytic processes. Inhibition of neuronal activity with TTX or ionotropic receptor antagonists increased the percentage of mitochondria that were mobile in astrocytes. While astrocytes in vitro and in situ express multiple isoforms of the voltage-dependent Na ϩ channel family (Sontheimer et al., 1994) , the observation that inhibition of ionotropic receptors (NMDA, AMPA, and GABA receptors) also increased mitochondrial mobility suggests that this effect is mediated by neurons. Additionally, our results also indicate that the increased mobility of mitochondria in TTX-treated slices is blocked by application of the transporter substrate D-aspartate (Fig. 5) . Together, these results strongly suggest that mitochondrial mobility in astrocytes is regulated by neuronal activity.
Astrocytes are the primary route of clearance for extracellular glutamate (Danbolt, 2001) . Glutamate transport and concomitant activation of the Na ϩ /K ϩ -ATPase represent a substantial energetic demand on astrocytes (Hertz et al., 2007) . We hypothesized that glutamate uptake might influence astrocytic mitochondrial mobility. Our results suggest that neuronal activity regulates astrocytic mitochondrial mobility via activation of glutamate transporters. It remains to be determined whether this immobilization is a result of the glutamate transport cycle, or is subsequent to another process, such as activation of the Na ϩ / K ϩ -ATPase. Although inhibition of the Na ϩ /K ϩ -ATPase increased the percentage of mitochondria that were mobile in astrocytes (Fig. 5G) , there are at least three possible explanations for this result. First, it is possible the effects of ouabain are related to the spreading depression that ouabain induces via the neuronal Na ϩ /K ϩ -ATPase isoforms (Balestrino et al., 1999) . Second, ouabain is also known to inhibit glutamate uptake (Li and Stys, 2001; Rose et al., 2009 ). Finally, it is possible that activation of the Na ϩ /K ϩ ATPase is required for mitochondrial immobilization in astrocytes. Although Zhang et al., 2010 favored this later mechanism to explain docking of mitochondria near nodes of Ranvier, we cannot discriminate between these possibilities in the current study.
Several mechanisms contribute to the immobilization of mitochondria in neurons in response to increased activity. Increases in [ADP] result in decreased mitochondrial transport (Mironov, 2007) . Additionally, increases in intracellular [Ca 2ϩ ] subsequent to NMDAR activation stop mitochondria at the base of dendritic spines (Li et al., 2004; Wang and Schwarz, 2009) . As increases in neuronal activity activate mGluR5 receptors in astrocytes (D'Ascenzo et al., 2007) , we tested whether activation of mGluR5 contributed to the neuronal activity-dependent immobilization of mitochondria in astrocytes. Surprisingly, neither activation nor inhibition of mGluR5 altered mitochondrial mobility. However, selective inhibition of the reverse mode of Na ϩ /Ca 2ϩ exchange increased the percentage of mobile mitochondria, suggesting that increases in [Ca 2ϩ ] i via the NCX might contribute to the immobilization of mitochondria in astrocytes.
Why move mitochondria to sites of glutamate transport? Mitochondria play important roles in a variety of processes, including ATP production, ionic buffering, and glutamate oxidation. Glutamate uptake has been coupled to all three of these processes. For example, glutamate uptake increases astrocytic glycogen utilization (Swanson, 1992) , glycolysis (Pellerin and Magistretti, 1994) , and oxygen consumption (Eriksson et al., 1995) . Glutamate uptake is coupled to an increase in mitochondrial Na ϩ concentration (Bernardinelli et al., 2006) and is accompanied by rapid mitochondrial acidification (Azarias et al., 2011) . These studies imply that mitochondria buffer the ionic changes associated with transporter function. Mitochondria also play a critical role in glutamate metabolism (for review, see Dienel, 2013) . Upon import into astrocytes, glutamate can either be converted to glutamine via glutamine synthetase or oxidized to mitochondrial TCA cycle intermediates (Yudkoff et al., 1988) . In brain, most glutamate oxidation is thought to occur in astrocytes (Hertz et al., 1988; Waagepetersen et al., 2002) . In fact, the fraction of glutamate that is oxidized increases disproportionately with increasing extracellular glutamate (Yu et al., 1982; McKenna et al., 1996) . The oxidation of glutamate by mitochondria may fuel glutamate uptake by providing the ATP necessary for Na ϩ extrusion (Peng et al., 2001; Whitelaw and Robinson, 2013; for review, see Dienel, 2013) . All of these functions would be supported by the immobilization of mitochondria near sites of glutamate uptake. The development of tools to selectively block the docking of mitochondria in astrocytes will be necessary to test the functional significance of mitochondrial immobilization.
Here, we provide the first description of mitochondrial mobility in the processes of astrocytes. Mitochondrial mobility is regulated by neuronal activity, glutamate transport, and Na ϩ /Ca 2ϩ exchange. Further, neuronal activity regulates the retention/accumulation of mitochondria at sites enriched in glutamate transporters that are apposed to synapses. The transport of mitochondria within astrocytes likely influences, and is influenced by, other aspects of astrocyte biology. Future experiments will be necessary to examine whether other processes influence mitochondrial function in astrocytes, to determine which motors are responsible for their movement, and to find answers to why and how the mitochondria are kept stationary.
